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Resolving the database sequence discrepancies
for the Staphylococcus aureus bacteriophage ¢11 amidase
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There are two conflicting primary nucleotide sequences of the Staphylococcus aureus bacterio-
phage ¢11 amidase gene in Genbank. Nucleotide sequence differences as well as alternative
translational start site assignments result in three non-identical protein sequence predictions
for this amidase. Therefore, it is prudent to verify the correct phill amidase protein sequence,
especially since multiple versions of the amidase gene have been subcloned, deletion analysis
performed, and their experimental use described. There is also a resurgence of interest in the
expression and use of bacteriophage lytic proteins as bactericidal agents and the ¢11 amidase
has a high antimicrobial potential. The correct amidase sequence is identified through a
combination of DNA sequence analysis and matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry analysis of the recombinant purified phill amidase protein.
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Introduction

In this age of ever-increasing antimicrobial resistance
among staphylococci, novel antimicrobials with activity
against multi-drug resistant pathogens are in high de-
mand for clinical applications world-wide. Peptidogly-
can hydrolases (endolysins) encoded by bacteriophage
naturally digest cell wall peptidoglycan bonds in order
to allow nascent phage particles to escape infected
cells. Many phage lysins are good candidate antimicro-
bials, able to lyse their target pathogen when exposed
externally. They also show high species-specificity al-
lowing them to avoid a major pitfall of broad range
antimicrobials (e.g. penicillin, tetracycline), by reducing
the likelihood of resistance development in non-
targeted, commensal strains [1].

The phill amidase is a peptidoglycan hydrolase with
multiple domains. The predicted amino acid (AA) se-
quence of the phill amidase protein indicates two lytic
domains and a C-terminal SH3b cell wall binding do-
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main [2, 3]. The N-terminal lytic domains consist of a
cysteine, histidine-dependent amidohydrolases/pepti-
dase (CHAP) endopeptidase [4] and an amidase domain
[5] that can both degrade staphylococcal peptidoglycan
[3, 6]. Purified recombinant phill amidase also lyses
viable [7] or heat/SDS treated staphylococci [8]. Deletion
analysis has demonstrated that the N-terminal CHAP
endopeptidase domain [7, 8] does not require the
C-terminal SH3b domain for full activity while the mid-
protein amidase domain is dependent on the SH3b
domain for activity [8]. Viable Staphylococcus aureus, in-
cluding those in biofilms, and multiple coagulase nega-
tive staphylococci are susceptible to the lytic action of
the phill amidase, making it a strong candidate anti-
microbial [7, 8].

Materials and methods

There are two distinct DNA sequences and three pre-
dicted protein sequences in GenBank for the bacterio-
phage phill amidase gene (also called S. aureus NCTC
8325 autolysin) (Table 1). The first report in 1990 de-
scribes a S. aureus PS47 genomic fragment encoding
LytA, a S. aureus autolysin [9]. Further analysis by the
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Table 1. Genbank Accession numbers for protein and nucleo-
tide sequences of the phi11 amidase/S. aureus NCTC 8325
autolysin.

protein Acc. # nucleotide Acc. #

phillLytA P24556 M76714
phi110RF53 NP_803306.1 NC_004615
autolysin YP_500516 NC_007795

same group identified the protein as the phill pro-
phage amidase [10]. The second GenBank submission
was derived from the phill prophage genomic se-
quence. The prophage genomic sequence was extracted
from the S. aureus 8325 genomic sequence analysis and
was reported independently in a study comparing
phill to the phil2 and phil3 genomes [11]. The
phi110ORF53 from this work was PCR amplified and
described as the phill amidase in later works by Sass
and Bierbaum [8]. The Iandolo group has more recently
submitted to GenBank (Table 1) a predicted autolysin
protein with an identical nucleotide sequence as
phi110RF53 that was derived from a description of the
S. aureus NCTC 8325 genome [12].

Results and discussion

Due to the high interest in bacteriophage proteins as
antimicrobials [13, 14] and the phill amidase in par-
ticular, it is important to define the exact DNA and
protein sequences being studied. This becomes espe-
cially important when interpreting deletion analyses
used to study the phill amidase domains [7, 8]. Both
phi110RF53 and phil1LytA versions of the phill ami-
dase have been introduced into the pET21a expression
vector containing a C-terminal His-tag that enables
nickel chromatography purification [6—8|. These plas-
mid subcloning events utilize high-fidelity PCR to am-
plify the region of the nucleotide sequence containing
the open reading frame (ORF) of the predicted amidase
protein. By introducing this ORF into the pET21a vec-
tor, the native phage promoter elements are replaced
with high level expression promoters engineered into
these inducible plasmids. Due to the use of engineered
promoter elements and predicted ORFs in these expres-
sion constructs, accurate ORF assignment is essential.

A BLAST search of Genbank with the phi110RF53
amidase protein sequence identifies a family of over 15
staphylococcal protein entries with >90% identity at
the level of predicted amino acid sequence (data not
shown). The phi110RF53 primary nucleotide sequence
(identical to the S. aureus autolysin sequence) is identi-
cal to phillLytA sequence with the exception of three
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bases, which result in two regions of predicted amino
acid sequence divergence (Fig. 1). First, an A to T nu-
cleotide (nt) substitution in phil1LytA at nt 326 results
in an AA substitution of an Arg to Trp in the phil1LytA
predicted amino acid sequence at residue 13. Second,
a C is deleted in the phil1LytA sequence at nt 666 that
creates a frame shift in the predicted amino acid se-
quence beginning at phillLytA AA 127 (Fig. 1). The
frame shift is corrected by the insertion of a C in the
phillLytA sequence at nt 788, bringing the AA se-
quence back in frame with phi110RF53 for the C-ter-
minal region of the protein. The nucleotide alterations
result in a stretch of 40 non-conserved AA spanning AA
127 to AA 166 that are dramatically different compared
to phil10RF53 (Fig. 1) and the other family members
(data not shown). The C-terminal half of all three ver-
sions of the phill amidase (and autolysin) gene are
perfectly conserved.

A protein BLAST search against the nr (non-redun-
dant) sequences identified 15 predicted protein se-
quence entries in GenBank with a homology >90% to
the phil1ORF53 and autolysin versions (data not
shown). The nearly identical 15 predicted protein se-
quences lack the first nine N-terminal amino acids
assigned to phi110RF53 but share near perfect identity
with the 40 amino acid mid-protein region of the pre-
dicted phi110RF53. The phil1LytA and phage 80« ami-
dase (Genbank #AAB39699) both have the identical
40 AA mid-protein sequence that differs significantly
from the other family members. The finding of two
non-conserved members among a family of proteins
with such a high level of conservation begs the ques-
tion of whether or not these protein differences repre-
sent divergence within this highly conserved family of
proteins or are the result of errors in the sequence
analysis. Sequence discrepancies resulting from poten-
tial sequencing errors are not uncommon in public
databases [15].

To address the phil10RF53 nine additional N-ter-
minal amino acid residues, the nucleotide sequence of
the phil10RF53 versus phillLytA were compared in
the region spanning the promoter and translation start
site (Fig. 1A). The nucleotide sequences in this region
are identical between these GenBank entries. The
phil1LytA submission to GenBank describes the loca-
tion of the consensus prokaryotic transcriptional pro-
moter and translation expression signals: —35 box, —10
box and ribosome binding site [10, 16]. However, the
identification of these three regulatory elements were
not mentioned in either the study comparing the phil1
genome to that of phil2 and phi13 where phi110RF53
was first identified, [11] or the subsequent GenBank
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autolysin M Q@ A K (AR4)
phil1ORFS3 M § I I M E V A T M Q@ A K- (AR13)
phil1ORFS53 ARCGATGTTGGCTT TGATGTGAATGAGTATCATCATGGAGGTGGCGACAATGCARGCARA 40930

IR R R R A R R R R R R R R R R R R R
philllytA ARCGATGTTGGCTT TGATGTGAATGAGTATCATCATGGAGGT GGCGACAATGCAAGCARA 200
phillLytA -35 =10 RBS M Q@ A R- (And)
autolysin L T KNZETFTIEMWLIE KT S E G K Q F N V- (AA24)
phillORFS3 L T KNETF I EWLIE KT S E G K Q F N V- (AR33)
phillORF53 ATTAACTAAAAATGAGT TTATAGAGT GGT TGARAACT TCTGAGGGAAAACAATTCARTGT 40960
IR R e R R R R R R R R R R S R S R R R
phillLyth ATTAACTAAAAATGAGT TTATAGAGAGGT TGAAAACT TCTGAGGGAAMACAATTCAATGT 360
phillLlytA L T KNEVF I ERILIEKT S E G K Q F N V- (AA24)
autolysin Q P G W G WEE KWV TRRQHATY D F P M (AN44)
phil1ORFS3 Q P G W G WEIE KWV TRRGOQMHEAMTYDF P M (ANS3)
phil16RFS3 ACAACCCGGCTGGGGT TGGGAAMAAGT TACAAGACGACAACATGCTTATGATTTCCCTAT 41350
LR RS AR A R R R R R R R R R R R ]
phillLytA ACAACC -GGCT GGGGT TGGGAAMAGT TACANGACGACAACATGCTTATGATTTCOCTAT 719
phillLytA Q P A G V G K K L @ DD N M L MTI S L C(A144)
autolysin W F I R P ¥ F K S ETAUPRS V Q 8§ P T (A6
phil1ORFS3 W F I R P N F KS ETAUPU RSV Q@ S P T (A73)
phil1ORFS3 GTGGTTTATCCGTCOGAAT TT TAAAAGTGAGACAGCGCCACGATCAGTTCAATCTOCTAC 41410
AR R R R R R R R R R R e R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R )
phillLytA GTGGTTTATCCGTCOGAAT TT TAAAAGTGAGACAGCGCCACGATCAGTTCAATCTCCTAC 779
phillLytA G L § VR I L KV R QRBHEDQF N L L H(AG])
autolysin Q AP K KETAIKTPOQPI KA AVETLIKI (AM183)
phillORFS3 @ AP KKETAIKPOGQPI KM ALAVYVETLIEKTI (AR192)
phil1ORFS3 ACAAGCACC ~TRAAAARAGAAACAGCT AAGCCACAACCTAARGCAGTAGARCT TARAATCA 41469
(AR R R R e R R R R R ]
phillLytA ACAAGCACCCT AAAARAGAAACAGCT AAGCCACAACCTAARAGCAGTAGARCT TAAAATCA B39
phillLytA K H P KK ETAIRKUP QP KAVYV ETULIKTI (AA1B3)

Figure 1. Nucleotide sequence alignment and predicted amino acid sequence of phi11 amidase homologues. A. Sequence alignment in the
promoter and N-terminal region. Shaded regions of the nucleotide sequence indicate conserved prokaryotic promoter elements. B.
Sequence alignment in the mid-protein 40 amino acid non-identical region. Shaded regions of the protein sequence indicate AA sequences
>90% conserved with 15 other Genbank entries (data not shown). Asterisks indicate identity between the sequences. The phi11 prophage
ORF53 genomic sequence and the autolysin nucleotide sequences are identical, having been derived from the same S. aureus 8325
genomic nucleotide sequence, with the difference between these submissions being an altered assignment of the translational start site

methionine codon. (AA#) indicates amino acid number.

submission (NC_004615), or where the same sequence is
referred to as an S. aureus NCTC8325 autolysin [12] or its
Genbank submission (YP_500516). Upon examination of
the prophage ORF53 genomic sequence, consensus
prokaryotic transcriptional and translational elements
(-35 box, —10 box and ribosome binding site) are lack-
ing in the putative promoter region, 5’ to the ORF53
translational initiation methionine codon. The more
traditional translation start site identified for
phil1LytA (located 10 codons 3’ to the ORF53 transla-
tional start site) was adopted by the Iandolo group
later in 2006 with the S. aureus NCTC8325 autolysin
(Genbank submission YP_500516). Despite this N-ter-
minal discrepancy, the N-terminal nine amino acids of
ORF53 do not appear detrimental to the function of the
recombinant phill protein. Sass and Bierbaum have
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shown strong lytic activity of both the full length
ORF53 protein, and a C-terminal deletion construct
harboring just the N-terminal 180 AA. Both constructs
include the ORF53 N-terminal 9 AA [8].

To identify which of the other two predicted amino
acid sequences is correct, DNA sequence analysis
and Peptide Mass Fingerprinting of phillLytA by
matrix-assisted laser desorption/ionization-time-of-
flight (MALDI-TOF) mass spectrometry analysis were
performed. DNA sequence analysis predicted the
phi110RF53 nucleotide sequence to be correct (data not
shown). To provide a second line of evidence to support
this finding, the full length His-tagged phillLytA re-
combinant protein [7] derived from the phil1LytA ge-
nomic fragment described previously [9] was purified
by nickel chromatography and resolved by denatur-
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aa start | aaEnd |Observed Mr Sequence
ﬂ M 11 8 15 |% 1078.563 K.NEFIEWLK.T B
100> et 42 49 902.607 K.VLFGLLLK.G
e P 159 168 | K 1042.5746 R.SVQSPTQAPK.K
50p p—" 221 230 1040.595 RNGLVNAPLSR.L
286 296 1296.578 K.NEQATFQECAR.L
S 312 324 1528.701 RLHNEFTSTSCPHR.S
325 337 1415.735 R.SSVLHTGFDPVTR.G
25, 392 402 1369.579 K.YGTYYMEESAR.F
20, 392 402 1385.57 K.YGTYYMEESAR F
403 413 1246.661 RFTNGNQPITVR.K
1 MOAKLTENEF IEWLKTSEGE QFNVDLWYSF QUCFDYAMNAGW KVLFGLLLEKS
51 LEZAKDIPFAN NFDGLATVYD NTFPDFLAQPE DMVVFGSMNYGS AGYGEHVAWYI
101 EATLDYIIVY EQNWLGGGWT DGIEQPGWGW EKVTRRQHAY DFEMWEIRPN
151 FKSETAPRSV QSPTQAPKKE TAKPOPKAVE LEKIIKDVVKG YDLPKRGSHNE
201 KGIVIHNDAG SKGATAEAYR NGLVNAPLSR LEAGIAHSYV SGNTVWQALD
251 ESQVGWHTAN QIGNKYYYGI EVCOSMEADN ATFLENEQAT FQECARLLKK
301 WGLPANRNTI RLHNEFTSTS CPHRSSVLHT GFDPVTRGLL PEDKRLOLED
351 YFIKQIRAYM DGEKIPVATVS NESSASSNTY KPVASAWKEN KYGTYYMEES
401 ARFTNGNQPI TVRKVGPFLS CPVGYQFQPG GYCDYTEVML QDGHVWVGYT
451 WEGQRYYLPI RTWNGSAPPN QILGDLWGELI S {E;

Figure 2. phi11LytA protein and sequence analysis by MALDI-TOF. A. SDS PAGE manufacturer's analysis of phi11LytA recombinant
protein obtained from nickel chromatography purification. Ni-NTA purification was per suggested conditions (Qiagen, Valencia CA) as
described previously [7] with these modifications: 2 ml Ni-NTA columns with protein bound were washed with various volumes of Wash
Buffer (50mM Sodium Phosphate, 300 mM NaCl, pH 8.0) containing increasing concentrations of imidazole [10 ml Wash buffer 1 (10 mM
imidazole); 20 ml Wash Buffer 2 (20 mM imidazole); eluted with 1.2 ml Wash Buffer 3 (250 mM imidazole)]. Lane M, Molecular Weight
Markers (MW in kD); Lane ¢11, 4 ug phillLytA protein (MW =53,899). B. Tryptic peptide fragments identified by MALDI-TOF mass
spectrometry. Asterisks denote sequences underlined in 2C, that clarify a region of discrepancy between phi11ORF53 and phi11LytA.
C. phi11 amidase amino acid sequence. Highlighted sequences represent tryptic fragments that were identified by the Mascot search of the
MALDI-TOF peptide mass fingerprints. Underlined fragments are those with Asterisks in B, and that clarify a region of discrepancy between
phi11ORF53 and phi11LytA.

ing SDS PAGE (Fig. 2A). Following in-gel trypsin diges-
tion [17], MALDI-TOF mass spectrometry analysis iden-
tified nine tryptic peptide fragments with molecular
weights that matched predicted tryptic fragment mo-
lecular weights of the phill amidase. These fragments
were identified as phill amidase fragments with
the Mascot search engine (www.matrixscinece.com)
(Fig. 2B). Two of the tryptic peptide fragments identi-
fied were within regions of the predicted phillLytA
protein sequence that contained discrepancies between
the Genbank entries. Both tryptic fragments support
the ORF53 (or autolysin) sequence in these regions. The
first highlighted tryptic fragment, “NEFIEWLK”, under-
lined in Fig. 2C demonstrates that phil1LytA contains a
Trp rather than an Arg at AA 13. The second high-
lighted peptide sequence, “SVQSPTQAPK”, underlined
in Fig. 2C spans AA 159 to AA 168 and is within the
region of the 40 AA mid-protein discrepancy (Fig. 1).
Although correct sized fragments were predicted, there
were no tryptic fragments identified that would sup-
port the divergent mid-protein 40 amino acid sequence
of phil1LytA (Fig. 1). Thus it was concluded that the
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phillLytA 40 amino acid mid-protein divergence does
not exist in the recombinant protein derived from the
phil1LytA subclone.

Due to an identical phil1LytA mid-protein sequence
prediction for the phage 80a amidase entry obtained
from a prophage genomic fragment (#AAB39699), we
initially proposed an identical MALDI-TOF experiment
to determine the mid-protein sequence for the phage
80a protein. However, the phage 80a genome was re-
cently sequenced from phage DNA (as opposed to the
prior prophage genomic fragment) and submitted to
GenBank (#DQ517338). In this submission, the amidase
protein (#ABF71642.1) does not show high homology to
the phill amidase, so these experiments were no
longer considered.

The S.aureus NCTC 8325 autolysin sequence
(YP_500516) predicts the correct phill amidase protein
sequence. The prokaryotic transcriptional and transla-
tional signals identified by Wang et al., for phil1LytA
define a conventional translational start site [10]. Re-
dundant DNA sequence analysis of the phil1LytA ORF
and MALDI-TOF analysis of phillLytA recombinant
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protein indicate that the ORF first defined by Iandola
and colleagues [11] define the correct 40 amino acid
mid-protein sequence of the phill amidase and that
amino acid 13 (of the phil1LytA sequence) is Trp, not
Arg. The lack of a 40 amino acid divergence between
phillLytA and phi110RF53 is consistent with the simi-
lar results obtained from deletion analysis of the phil1l
amidase gene in two independent labs [7, 8]. Collec-
tively, these findings support the use of multiple diag-
nostic tools, such as DNA sequence regulatory element
identification (e.g. promoter elements), multi-lab re-
peats of nucleotide sequence analysis and the use of
protein sequence analysis, to correctly predict gene
sequences and their translation products.
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